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ABSTRACT 

Nondestructive evaluation (NDE) is the science and practice of examining an 
object in a way that the object’s usefulness is not adversely affected. Different types of 
NDE methods exist but this thesis is based on microwave and millimeter wave NDE 
using imaging techniques. Microwave NDE is based on illuminating the object under test 
with a microwave signal and studying the various properties of the reflected signal from 
the object. This reflected signal contains some information about the inner structure of 
the object under test. This information may be contained in several parameters including 
the phase and magnitude of the reflected signal. The goal of this project is to design and 
build a Q-band coherent transceiver that is capable of measuring the reflected signal’s 
phase and magnitude so that an image of the object under test may be reconstructed. 
From the several techniques that can be used to construct an image of the object under 
test, techniques of interest to this work include synthetic aperture focusing technique 
(SAFT) and microwave holography. The transceiver system should have the ability to 
sweep a large portion of Q-band frequency range in small frequency steps as quick as 
possible while the detected phase and magnitude of the reflected signal is very accurate. 
Several different designs were studied and the final schematic diagram of the transceiver 
system was determined. One of the most important modules that was designed, 
implemented and tested in the laboratory was an accurate phase/magnitude detector 
circuit. The compared results of the scans using the transceiver system and VNA showed 
that this transceiver system has a great potential to replace a VNA for the purpose of 
microwave and millimeter wave imaging. 
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1. INTRODUCTION 


1.1. NONDESTRUCTIVE EVALUATION 

Nondestructive evaluation (NDE) describes the process of examining a material 
without altering its usefulness. NDE is the using a physical phenomenon to discover the 
quality and characteristics of an object under test. There are different types of NDE 
methods that are used for different applications. Some well-established NDE methods 
include liquid penetrant, ultrasound, magnetic particle testing, eddy current, acoustic 
emission and radiography [1], Microwave and millimeter wave NDE are considered as 
emerging methods with great potential for inspecting a wide variety of materials [2]. In 
the next section, microwave imaging technique used for microwave NDE applications is 
briefly introduced. 

1.2. MICROWAVE IMAGING 

Microwave imaging is based on transmitting a signal onto a material under test 
and receiving the reflected signal. Different information about the structure of the 
material can be extracted from the various properties of the reflected signal. Microwave 
and millimeter wave imaging techniques have shown great potential for generating 
images of various composite structures with high spatial-resolution [3], Microwave 
signals can penetrate inside of dielectric materials and provide detailed information about 
their inner structure [4]. This information may be obtained from the phase and/or 
magnitude of the reflected signal. One of the microwave imaging methods, for generating 
high-resolution images of is the synthetic aperture focusing technique (SAFT). In SAFT, 
the data may be acquired using raster scanning. By Figure 1.1 shows the procedure of 
raster scanning. In raster scanning the probe is held at a certain distance above the 
material under test while it moves in the manner illustrated in Figure 1.1. This microwave 
probe can be a hom antenna or an open-ended waveguide. The acquired raster scan data 
is used as if a larger antenna is used. So, a larger antenna with a narrower beam is 
synthetically created from the data acquired using a small antenna that has scanned the 
material under test. The advantage of a larger antenna is having a narrower beam that 
can result in higher spatial resolution images. In principle, SAFT is based on phase 
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matching, while compensating for the delays associated with the different propagation 
distances [3]. SAFT can generate images with high spatial resolution but does not provide 
any depth resolution. To have information in depth which can result in a high-resolution 
3 dimensional image, a narrow pulse must also be used [5]. Since generating a narrow 
pulse at microwave and millimeter wave frequencies is not easy, frequency sweeping is 
used instead. The time domain fourier transform of a sweep in frequency domain is a 
pulse. The wider the frequency sweep range, the narrower is the equivalent pulse and the 
narrower the pulse, the higher the depth resolution will be. The technique that combines 
SAFT and swept frequency techniques, resulting in high-resolution 3D images is referred 
to as microwave holography [5]. A defect which can be an impurity in the material under 
test can be detected by analyzing the reflected signal, using microwave and millimeter 
wave holography. After processing the data an image can be constructed providing defect 
information such as its position within the material, shape and size [6]. 



Figure 1.1 Illustration of raster scanning procedure. 
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In this thesis, raster scanning is performed on a sample with a horn antenna or an 
open-ended waveguide as a probe, as shown in Figure 1.1. Data is acquired using a 
transceiver which gives the magnitude and phase of reflected signal referenced at the 
probe for every point in the raster scan. The step size or scanning increment between 
adjacent measurement points can vary between 1 mm to 4 mm depending on the required 
resolution. The transceiver is designed to operate at a frequency in the range of 35 to 45 
GHz which covers a large portion of Q-band (33-50 GHz). 

1.3. SCANNING SYSTEM COMPONENTS 

For the purpose of this thesis, an already existing scanning platform, capable of 
performing raster scans was used, as shown in Figure 1.2. In this system the computer 
controls the position of the transceiver system which is attached to the scanner and 
acquires and saves the data for each scan position. 
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Figure 1.2 Picture of the scanning system. 



4 


1.4. TRANSCEIVER SYSTEM 

Subsequent to determining the overall required design characteristics of the 
transceiver, its assembly and more importantly its testing commenced. The primary 
purpose of this work has been to design an accurate and robust transceiver operating in 
Q-band and capable of producing coherent reflected signal information. In this way, a Q- 
band “vector network analyzer” is essentially designed and constructed. Furthermore, the 
transceiver system can be mounted on a scanner directly while it is not possible to mount 
a VNA on a scanner. So, being accurate in determining phase and magnitude while being 
portable makes the transceiver system a unique specialized equipment for the purpose of 
millimeter wave holographical imaging. The main advantages of the transceiver system 
are its accuracy of measuring within less than +/-1 degrees and amplitude within less than 
+/-1 dBs, being small, light, inexpensive and portable that can be mounted on a scanner. 
The following sections cover the detailed descriptions of the design, implementation and 
testing procedure of different sections of the transceiver system. 

In Section 2 the hardware structure of the transceiver system is explained. It 
includes the transceiver system’s significant sections and components along with 
specifications. This section also discusses the procedure used to provide an intermediate 
frequency (IF) and reference signal to the phase/magnitude detector board for final 
evaluation of phase and magnitude of the reflected signal. 

In Section 3, two approaches for detection of phase and magnitude of the reflected 
signal are discussed. Advantages and disadvantages of each approach are discussed and 
in the end, the chosen final approach is discussed in details. Section 4 presents challenges 
faced to evaluate the accuracy (average and maximum error) of phase and magnitude 
detection for the final version of the phase/magnitude board. Finally, test results 
illustrating the accuracy (phase error) of the phase/magnitude board are given. 

Section 5 presents the raw and processed images produced by the scanning system 
using the transceiver system. The final images are processed off-line and synthetics 
aperture focusing algorithms are used to generate images. Subsequently, the quality of the 
images using this transceiver system is compared with the quality of images using an 
accurate VNA for the same sample. 
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Section 6 offers the summery of the overall work, discusses related and important 
issues and gives a roadmap for the future work and possible steps for improving the 
detected phase and magnitude accuracy of the system. 
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2. TRANSCEIVER DESIGN AND RELATED HARDWARE 
2.1. INTRODUCTION 

A transceiver is a coherent device that can transmit and receive electromagnetic 
signals. It is also generally capable of performing complex signal modulation and 
detection. The need for such a transceiver system in this work arises from the need for a 
coherent transceiver module whose detected output signal could have similar 
characteristics in magnitude and phase at Q-band (33-50 GHz) to that of a vector network 
analyzer (VNA). Furthermore, the transceiver system can be mounted on a scanner 
directly while it is not possible to mount a vector network analyzer on a scanner. Thus, 
being accurate in determining phase and magnitude (phase error of +/-1 and magnitude 
error of +/-1 dB) in addition to being small, light and portable makes the transceiver 
system a perfect specialized equipment for imaging purposes. The goal of building the 
transceiver system is to achieve a system that is capable of: 

• Sweeping a large portion of the Q-band (33-50 GHz) frequency range. 

• Small frequency step in the order of tens of MHz. 

• Acquisition time of less than 500 micro seconds for each frequency step so that a 
relatively quick frequency sweep can be conducted. 

• Detecting phase with error of less than +/- 1 degree. 

• Detecting the magnitude with error of less than +/- 1 dB. 

• An average output power of at least 0 dBm over the swept band. 

After studying several different designs it was decided that the schematic diagram 
shown in Figure 2.1 can meet the requirements for this project while most of its 
components, more importantly the synthesizers could be commercially acquired. The 
hardware structure of the transceiver system starts with a horn antenna and ends with a 
phase/magnitude detection board. The transceiver system is capable of providing phase 
and magnitude information of the reflected signal in the range of 35 to 45 GHz which can 
in turn be used to generate SAFT and holographical images. The design components 
include two synthesizers, a horn antenna, a dual-directional coupler, mixers, isolators. 
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couplers, adaptors, a power divider and a phase/magnitude detector board. Transceiver 
system can be divided to two parts; the transmitter and the receiver. Transmitter and 
receiver blocks are separately shown with dashed lines in Figure 2.1. In this section, the 
general description of the functionality of the transceiver system is provided along with 
the detailed explanation of each of its major components. 



Figure 2.1 Block diagram of the transceiver system. 


The transceiver system consists of two synthesizers. The one on the transmitter 
part generates the signal that is going to be transmitted and received by the antenna in the 
frequency range of 17.5-22.5 GHz. The other one in the receiver section is a similar 
synthesizer with its output frequency being less than the transmitter synthesizer in the 
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frequency range of 17-22 GHz. Both of these two signals are doubled and the frequency 
difference comprises the intermediate frequency (IF) of 1040 MHz which is the mixed 
down product of the signals from the two synthesizers. The outputs of the synthesizers 
are doubled to provide the desired frequency range (and bandwidth). As shown in Figure 

2.1, the signal that is transmitted by the antenna is generated by synthesizer No. 2 after 
being doubled. The desired 35-45 GHz signal travels through the antenna via a coax 
cable to waveguide adaptors, an Isolator, and a dual-directional coupler. The reflected 
signal is then received using the same antenna through arm one of the dual-directional 
coupler. The signal that is radiated from the antenna is coupled to arm two of the dual- 
directional coupler and will be used as a reference signal for comparison with the 
reflected signal in arm one. Using this method, the phase of the RF signal can be defined 
when compared to the phase of the reference signal. Subsequently, the reference and the 
RF signals are mixed down to the IF frequency of 1040 MHz. The phase and magnitude 
detection is then accomplished in a phase magnitude board at this IF frequency of 1040 
MHz. The inputs to this board are the reference and the RF (reflected) signals. The actual 
phase and magnitude of the reflected signal will be detected by comparing it to the 
reference signal. 

2.2. SYNTHESIZERS (TRANSMITTER AND RECEIVER) 

The system requires two RF sources as shown in Figure 2.1. The sources that are 
needed for the purpose of this project need to have unique characteristics. Since the 
output of these two synthesizers will be doubled, they should be able to sweep the 
frequency of 17 to 22.5 GHz with small steps of smaller than 100 MHz. Furthermore, 
they must have phase-locked outputs since even a small change at the output frequencies 
of the synthesizers will result in errors in detection of phase and magnitude. They should 
also be programmable and have a stable and acceptable output frequency in less than 500 
micro seconds after the desired frequency command is sent. The sources should also have 
an acceptable 1 0 KHz-phase noise of -60 dBc/Hz or better since this results in a better 
signal-to-noise ratio and consequently a more accurate phase and magnitude detection. 
All of these characteristics make these synthesizers unique, requiring them to be custom- 
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built specifically for the purpose of this project. In this process close cooperation was 
required between our group and the company that built these synthesizers. It took several 
months for the synthesizers to be built with more than three months of delay before they 
were actually delivered. After all, the spurious signals of the synthesizer output spectra 
were worse than the company’s original specifications promises. Each synthesizer’s 
output frequency is controlled using TTL parallel lines (8 bits). The output frequency step 
size is 20 MHz, and the 10 KHz phase noise is almost -65 dBc/Hz for the entire 
frequency range which is an acceptable value. Both of the synthesizers were acquired 
from Miteq Inc. with the part numbers of SLS-17.0-22.0-20M and SLS-17.5-22.5-20M. 
These modules have a fast acquisition time of a maximum of 1 00 micro seconds for the 
PLL to phase lock [7]. The input DC power voltages to the synthesizers are 5 and 15 V. 
Each synthesizer draws 0.5 A from a 15 V DC source and 80 mA from a 5 V one. The 
output spectrum of the synthesizers is shown in Figures 2.2 to 2.6 for the minimum center 
frequency and several different resolution bandwidths. The measurements are done using 
an HP8563 spectrum analyzer from HP that can operate at up to 26.5 GHz. The output 
spectrum is almost the same for synthesizer 2, only 0.5 GHz higher than the first one. The 
two synthesizers are synchronized using the same 10 MHz reference input that is 
generated in synthesizer 1 and is connected to synthesizer 2 using a coaxial cable. The 
output power of the synthesizer decreases from 1 6 dBm at the lowest frequency to 7 dBm 
at the highest frequency, almost linearly. Figure 2.3 shows a harmonic at 25.5 GHz. T his 
harmonic shows that there is a doubling stage inside the synthesizer meaning that a 
synthesized signal in a PLL loop has the frequency of 8.5 GHz, then is doubled to 17 
GHz inside the synthesizer which makes the desired signal and the third harmonic at 25.5 
GHz. The first harmonic at 8.5 GHz is attenuated in synthesizer 1 but is not well-filtered 
in synthesizer 2, as shown in Figure 2.6. As shown in Figures 2.3 and 2.6, some 
unwanted spurious signals exist at about 1.4 GHz from the desired output frequency. 
These spurious signals are most likely the result of division ratio of 12 in the PLL circuit 
inside the synthesizer (17/12=1.4). These spurious signals are 35 dB below the desired 
frequency but still have a power level of up to -21 dBm. These were far worse than the 
Miteq promised, but since the phase/magnitude board includes filters that attenuate these 
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spurious signals more than 50 dBs, the synthesizers could still be used for the purpose of 
this project. 
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Figure 2.2 Synthesizer 1 output spectrum. 



The highest power of the unwanted spurious signal is at lower frequencies and as 
the frequency of the synthesizer increases, the relative power of the spurious signals to 
the desired signal decreases. 




Figure 2.3 Synthesizer 1 output spectrum. 
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Figure 2.4 Synthesizer 1 output spectrum. 
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Figure 2.5 Synthesizer 2 output spectrum. 



Figure 2.6 Synthesizer 2 output spectrum. 
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2.3. UP MIXER INCLUDING AN INTERNAL DOUBLER (TRANSMITTER) 

As shown in Figure 2.1, a doubler module is used to double the frequency of the 
output signal of synthesizer 2. The module model is XU 1 004 from Mimix Broadband. Its 
output can be between 32.0-45.0 GHz. This module has a +14.0 dBm output third-order 
intercept across the band. This module is a balanced, resistive pHEMT mixer and have a 
distributed amplifier at its output for buffering and amplification purposes. It also 
includes an integrated LO doubler and LO buffering amplifier [8]. Since this module is 
used as a doubler only and its mixing capability of it is not used, a doubler at this 
frequency band can be used instead of the Mimix broadband’s module. The reason for 
choosing this module was capability of the whole Transceiver system to run with only 
one synthesizer. But in this design, this module is used as a doubler and the mixer part is 
not used, so the mixer should be driven the way that it just passes the doubled signal. The 
block diagram of the mixer is shown in Figure 2.7. 


Vdl FI Vd2 



Figure 2.7 Block diagram of the up mixer [8]. 


IF1 and IF2 are two of the inputs to the mixer (other than LO), since no mixing is 
necessary in this case the related mixer MOSFETS should be biased to pass the LO input 
signal. The circuit that has been used to bias IF1 and IF2 is shown in Figure 2.8. 


14 


DC voltage to transmitter's mixer 



Figure 2.8 Circuitry for biasing IF1 and IF2. 


This circuit is simply a resistive voltage divider at the output of a 3.3 V regulator. 
The output voltage is about 300 mV that is connected to the IF1 which is enough to turn 
on the MOSFETs in the mixer. IF2 is terminated with a short, so a differential voltage of 
300 mV appears between IF1 and IF2. The 100 nF capacitor is mainly for filtering the 
DC voltage that is connected to the mixer. The LED is just for testing purposes only, 
signaling that the regulator is actually powered up. A more detailed circuitry of the 
transmitter is shown in Figure 2.9. 
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Figure 2.9 XU 1004 Mimix broadband’s transmitter [8]. 
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An 8-V DC voltage is needed to turn on this module. It has an internal circuitry to 
control the DC voltages necessary to bias the MOSFETs which also performs the 
powering up sequence of the transistors inside the module. 


2.4. ISOLATOR (TRANSMITTER) 

After doubling, the signal goes to the antenna through a dual-directional coupler, 
but since the reflected signal from the antenna shouldn’t go back to the doubler, an 
isolator is necessary to be placed after the doubler. Figure 2.10 shows the isolator that is , 
used for this project is a Q-band with a low insertion loss of 1.4 dB, minimum isolation 
of 27 dB in the band and the maximum VSWR of 1.4:1 from Quinstar Technology, Inc. 
[9]. 



2.5. DUAL-DIRECTIONAL COUPLER (TRANSMITTER) 

Dual-directional couplers are essentially two complete directional couplers, 
placed in-line (back-to-back), each with its own internal load or termination. Dual- 
directional couplers are useful in simultaneously sampling or monitoring signals traveling 
in two directions. The dual-directional coupler that is used for this project is a Q-band, 
with forward and reverse coupling of 10 dBs. The need for a dual-directional coupler 
arises since, a reference signal is necessary to be compared with the reflected signal since 
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phase is a relative parameter. As shown in Figure 2.11 the output of the directional 
coupler is connected to the horn antenna. 


Figure 2.1 1 QJD-Q 101 0383000, dual-directional coupler from Quinstar Technology, Inc. 


However, the same signal that transmitted from the antenna appears in arm 1 but 
10 dB weaker in power level [9]. The reflected signal received by the antenna will appear 
in arm 2. As it is shown in the Figure 2.12, each of the arms is terminated with a matched 
load internally. 
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Figure 2.12 Dual-directional coupler [9]. 
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2.6. HORN ANTENNA (TRANSMITTER AND RECEIVER) 

Figure 2.13 shows the antenna that is used in this transceiver is a Q-band (33 to 
50 GHz) rectangular horn with a circular flange. It has a gain of 20 dB and 12 degrees of 
half-power beamwidth at 41.5 GHz, with a typical side-lobe level of -18 dB, from 
WiseWave Technologies, Inc. [10].The horn antenna is the probe for the transceiver 
system. It transmits and receives the signal in the form of a continuous wave. 



Figure 2.13 ARH-2220-02, rectangular horn antenna from WiseWave Technologies, Inc. 


2.7. DOWN MIXER INCLUDING AN INTERNAL DOUBLER (RECEIVER) 

As shown in Figure 2.1, a receiver mixer including a doubler after the LO input is 
used to double the output signal of the synthesizer no. 1 and mix down the reference and 
reflected signals to 1040 MHz. The module model is an XR1004 from Mimix Broadband. 
It operates with an RF input of 30.0-46.0 GHz [8]. It has a noise-figure of 3.5 dB and 
image rejection of 18.0 dB within the band [8]. The module has a three-stage low-noise 
amplifier and an image rejection resistive pHEMT mixer. This mixer consists of an 
integrated LO doubler and LO buffer amplifier. The advantage of having an image 
rejection mixer is the elimination of the need for a band-pass filter after the low-noise 
amplifier to omit the image frequency and the associated thermal noise. I and Q mixer 
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outputs are provided by the module and an external 90-degree hybrid is required to select 
the desired sideband, as shown in Figure 2.14. 


XR1004 



1 75-1 8.75 GHz (USB Operation) 

195-20.75 GHz (LSB Operation) 

Figure 2.14 Block diagram of the down mixer [8]. 


XR1004 mixer/doubler has a +4.0 dBm input third order intercept, a +2.0 dBm 
LO drive level and a 9.0 dB conversion gain [8]. Figure 2.15 shows the block diagram of 
the XR1004. An 8-V DC voltage is needed to turn on this module. The module has an 
internal circuitry to control the DC voltages necessary to bias the MOSFETs and 
powering up sequence of the transistors inside the module. Since the output of 
synthesizer is doubled and there was no spectrum analyzer at that frequency range 
available, there is no data available for the frequencies higher than 26.5 GFIz, but the 
operation of the system can be examined at its IF frequency which is about 1 GHz. 
Figures 2.16 to 2.18 show the output spectrum of the first receiver module. Figure 2.17 
shows the output signal of the reference down mixer while both of the synthesizers are 
operating at their minimum frequency. The two spurious signals in Figure 2.18 are 
generated in the synthesizers, meaning they are generated in the PLL loop inside the 
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synthesizers and they do not have a significant negative effect is the determination of the 
phase and the magnitude. 


Vdl Vd2 IF1 Vd3 



VqI Vg2 IF2 Vg4 Vg3 Vg5 


Figure 2.15 XR1004 Mimix broadband’s receiver [8]. 
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Figure 2.16 Receiver module 1 output spectrum. 



Figure 2.17 Receiver module 1 output spectrum. 
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Figure 2.18 Receiver module 1 output spectrum. 
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As the frequency of the synthesizer increases from the minimum to the maximum, 
the IF signal’s power decreases from -8 dBm to -15 dBm. In Figure 2.16 there are other 
frequencies than the desired 1040 MHz IF, which are the mixed intermodulation 
products. They will be filtered out in the filters of the phase/magnitude detector board. 

2.8. 90-DEGREE HYBRID DIRECTIONAL COUPLER (RECEIVER) 

At the output of each of the down mixers, a 90-degree hybrid is necessary to 
choose the lower or the upper sideband. The lower sideband is the desired band in this 
project since the 1040 MHz lower frequency is to be used. The lower sideband appears at 
the frequency of 1 040 MHz which is the IF frequency of the system and the input signals 
to the phase/magnitude board. Two 90-degree hybrids are needed since there are two 
receivers, one for the RF (reflected) signal and one for the reference signal. The desired 
phase and magnitude will later be determined from these two signals in the 
phase/magnitude board. Figure 2.19 shows the picture of this hybrid. 


Figure 2.20 shows this module that has a minimum 28 dB of isolation, a -3 dB of 
coupling and a maximum VSWR of 1.1 at 1000 MH [1 1]. 



Figure 2.19 90-degree hybrid from ATM Inc. [11]. 
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Figure 2.20 Schematic diagram of the 90-degree hybrid from ATM Inc. [11]. 


Figure 2.21 shows the output spectrum of the 90-degree hybrid which is almost 
2.5 dB stronger than the output of the receiver module due to the structure of the receiver 
in combination with the 90-degree hybrid. 


Output Of the receiver 1 after the 90 degree hybrid 
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Figure 2.21 Output of the receiver after the 90-degree hybrid. 
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2.9. POWER DIVIDER (RECEIVER) 

A power divider is needed to split the output of synthesizer 1 to the two down 
mixing receivers. The least expensive Q-band power divider available in the market costs 
about $900 and will take almost 1 month to be delivered after ordering. As a result of 
these two factors, it was decided to build one in the laboratory. 

The design consists of a resistive power divider on a 0.28 mm thick board with 
four 50-Ohm thin traces. The board was previously designed for another purpose, but 
could be used to make a resistive power divider using three of the 50-Ohm traces. At the 
junction of the three traces, three 17-Ohm resistors in a 0201 package were mounted. 
Three cables with K connectors are used for the input and the two output ports. This 
power divider is supposed to be used in the frequency range of 17-22 GHz. An 
HP8720ES network analyzer was used to test the power divider. The measurements were 
limited to the maximum frequency of the network analyzer which is 20 GHz. S21 
measurements between the input and each of the output ports while the other output is 
matched shows the characteristics of the power divider in frequency domain. Figure 2.22 
shows the measurement setup. Two 50-Ohm, 10 dB attenuators along with a matched 
load were used to match the other port. 



Figure 2.22 Measurement setup to test the power divider. 
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Figure 2.23 shows the S21 measurement result using the above mentioned test 
setup. The calibration planes are at the ports of the power divider, meaning the response 
of the cables is removed. Since a resistive power divider has a natural 6 dB attenuation 
for each of the output ports, the S21 results seem to be reasonable. Some extra 
attenuation of 1-3 dB can be observed for different frequencies which are due to 
connectors, cables and the soldering joints. The matched load’s maximum operation 
frequency was 1 8 GHz which may be the cause of the ripple kind behavior of the passive 
circuit in the frequency domain. The vertical scale in the figure is 1 dB per division. 



Figure 2.23 S21 measurement between the input and one of the 
outputs of the power divider. 


The S21 result of the other output port is quite similar to the one in Figure 2.23. 
The resonance behavior that is seen in the figure can be the result of reflections at SMA 
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to K connectors of the power divider board. Some time domain reflectometer (TDR) 
measurements were also conducted using an Agilent DCA-J 86100C oscilloscope 
equipped with a TDR module to determine how well the solder joints and transitions 
were matched. As shown in Figure 2.24, the inductive behavior of the peak is associated 
with the solder joint of the resistors and the connections to the traces. The impedance of 
the trace increases which seem to be an acceptable impedance discontinuity. The extra 
insertion loss at each individual frequency is constant and can be accounted for with 
calibration. 



Figure 2.24 TDR measurement between the input and one of the 
outputs of the power divider. 


2.10. POWER SUPPLY BOARD 

Different blocks of the transceiver system need different DC voltages. Since the 
input voltages available to the transceiver system are +/- 15 V and 5 V only, other 
voltages should be regulated down from the available voltages. All of the modules and 
units are expensive and sensitive to ESD, so the transceiver system also needs over- 
voltage, ESD and negative polarity protection in addition to some bulk decoupling 
capacitors. Furthermore, as shown in Figure 2.8, a simple DC biasing circuit is also 
needed for the transmitter and doubler unit. A small power supply board was designed for 
the purpose of producing the needed voltages using different regulators, protection, 
testing and DC biasing of the transmitter. As can be seen in Figure 2.25, protection zener 
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diodes were placed on each of the DC voltages that are connected to any of the modules. 
Also, regular diodes are placed for negative polarity protection of the system and some 
LEDs used to simply show whether each of the modules is powered up or not. So if all 
the LEDs are turned on, it means that all the voltages are produced and can be delivered 
to the corresponding modules. Figure 2.25 shows the circuit diagram of the power 
supply board for the RE Transceiver. 



Figure 2.25 Circuit diagram of the power supply board for the RF Transceiver. 


As shown in Figure 2.25, different connectors are be used for power delivery to 
different modules. While fully functioning, the transceiver system draws about 2.15 A 
from the 15 V input, 1 A from the 5 V input and 50 mA from the -15 V input. Overall the 
unit consumes about 40 Watts. The current drawn from the 15V input may change about 
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30 mA depending on the output frequency of the synthesizers and the temperature of the 
synthesizers. The layout of the power supply was done using Altium Protel DXP. The 
board consists of two layers; it is 80 mils thick and its dielectric is FR4. Figure 2.26 
shows the layout of the power supply board. The top layer is shown in red the bottom 
layer is shown in blue. All the parts that were reviewed in Section 2 were bought as 
separate units or modules except for the power divider, the DC bias circuitry and the 
power supply board. This part of the project mainly included integration and testing. 



Figure 2.26 Layout of the power supply board for the RF transceiver. 
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In Section 3, design, implementation and testing of the phase/magnitude board is 
presented. Phase/magnitude board is the last part of the transceiver system that actually 
detects the phase and magnitude and will be used to generate the final image. 
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3. PHASE/MAGNITUDE DETECTION BOARD 
3.1. INTRODUCTION 

As discussed in Section 2, the phase/magnitude detector board is the final and 
important section in the transceiver system. The Q-band signal is transmitted and 
received from the same antenna. Since the information about the material under test is in 
phase and magnitude of the reflected signal relative to the phase and magnitude of the 
transmitted signal, the transmitted signal is also necessary as reference. Since it is 
extremely difficult to perform phase and magnitude detection at Q-band due to 
unavailability of specialized devices and narrow-band filters, both the reflected and 
reference signal are mixed down to an IF frequency of ~1 GHz. It is much easier to 
perform the phase and magnitude detection at this frequency. As explained in Section 1, 
the detected phase and magnitude then will be used to generate images that reflect the 
inner structure of the sample under test using algorithms like SAFT or holography. 

This section covers two different approaches towards the detection of phase and 
magnitude from the 1 GHz reflected and reference signals. In the first approach the 
detection is performed at an IF frequency of 21 .4 MHz. In this approach the 1-GHz input 
signals are again mixed down to a lower IF frequency where the detection is performed. 
In the second approach, phase and magnitude detection is performed directly at 1 GHz, 
requiring no additional down mixing. Each approach has its own advantages, as discussed 
in the following sections. 

The layout of both of the phase and magnitude detector boards, were produced 
using protel DXP software. Protel DXP is a PCB (Printed Circuit Board) CAD (Design 
Assists by Computer) tool that allows transparent integration of all aspects of an 
electronic design. 

In both approaches, a two-layer 20 mil-thick FR4 substrate with a dielectric 
constant of about 3.9 was used. In both of boards, the bottom layer is entirely the ground 
plane (return) and signal routing is facilitated on the top layer only. Some DC power lines 
were routed using wires where needed. The RF signal is routed using 50-Ohm microstrip 
transmission lines and the input impedances of the boards’ input ports are also 50 Ohms 
for the reference and RF (reflected) signals. Figure 3.1 shows the back-side of the 
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phase/magnitude detector board (first approach). The red wires are DC powers lines that 
are distributed to various parts of the board. The vertical thin pieces of PCB soldered to 
the back-side of the board are to provide mechanical stability. 



Figure 3.1 Picture of the back-side of the phase/magnitude board. 


3.2. FIRST APPROACH TO PHASE AND MAGNITUDE DETECTION 

The transceiver system consists of transmitter and receiver sub-sections and the 
phase/magnitude detection is performed in the receiver section. One of the most widely 
used structures that is used in different types of receivers is super-heterodyne 
architecture. Figure 3.2 shows the block diagram structure of a superheterodyne receiver. 
This architecture is the most widely used type of radio, television, radar and GPS 
receiver. In a superheterodyne receiver, the incoming signal is mixed with a signal of 
fixed frequency generated within the receiver circuits. The resulting signal, called the 
intermediate-frequency (IF) signal, has a frequency equal to the difference in frequencies 
between subtraction of the incoming signal and the reference signals. The main 
components of a superheterodyne receiver are a local oscillator, a mixer, a filter and an 
intermediate frequency amplifier. Since this project requires detection of phase and 
magnitude, extra circuit were added to the superheterodyne receiver architecture. Figure 
3.3 shows the block diagram of the phase and magnitude detector board. The principles 
are mainly inspired from the architecture of a typical superheterodyne receiver which is 
shown the Figure 3.2. 
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Local Oscillator 

Figure 3.2 Superheterodyne receiver architecture. 



Figure 3.3 Block diagram of the phase/magnitude detector (first approach). 
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As shown in Figure 3.3, the phase/magnitude board is separated to two main 
sections. The first part is the typical structure of a superheterodyne receiver and the 
second part is for phase and magnitude detection purposes. The frequency of the input 
signals to the system is 1.010 GHz due to the available helical filters at this frequency. 
For the best detection of phase and magnitude, the signal-to-noise ratio of the signal at 
the input of the phase/magnitude detectors should be as high as possible. This can be 
achieved by simply using narrow band-pass filters at the input signal stages. Since the 
frequencies of the input signals to the board are always fixed, it is possible to use narrow- 
band-pass filters to filter the input signals and achieve improved signal-to-noise ratio. 
Achieving very narrow band filtering at ~1 GHz is difficult. One narrow type of filter 
available at this frequency is a helical filter with 3-dB bandwidth of ~50 MHz. For 
improved filtering, it was decided to mix down the 1 GHz input signals to 21.4 MHz, 
since narrow band-pass ceramic filters are readily available at this frequency. The 3-dB 
bandwidth of these crystal filters is in the order of 100 KHz which will provide much 
better filtering on the input signals compared to the helical filters. In this design, the RF 
(reflected) and the reference frequencies are 1.010 GHz. These signals are mixed down 
to 21.4 MHz using one local oscillator (LO) for both of channels. The operating 
frequency of the LO is 1.0314 GHz. The added circuit to the superheterodyne receiver 
consists of a power splitter and three phase/magnitude detector ICs. Figure 3.4 shows the 
layout of the phase/magnitude board that was performed by Protel DXP. Red color shows 
the top layer and blue color shows the bottom layer. Figure 3.5 shows the populated 
version of the phase/magnitude detector board. As shown in Figure 3.3, the input signals 
are amplified and filtered and then mixed down to the IF frequency of 21 .4 MHz, and the 
phase and magnitude detection is done at this frequency. 

This version of the phase/magnitude detector was tested and the output phase 
error of the design was in the order of +/- 5 degrees for the same signal being fed to both 
of the inputs which is not acceptable at all. That is why the details of this design are not 
further explained in this thesis. The most important reasons for the failure of this design 
are as followed: 
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• The most problematic issue in this design is its inherent complexity. The down 
mixing process, extra filtering and amplifications add extra noise to the 
system. 

• The power splitter which includes phase shifters is not a robust phase shifter 
meaning temperature changes the amount of phase shift which will prevent the 
system to be fully characterized and eventually increases the output phase 
error. 



Figure 3.4 Layout of the phase/magnitude detector in Protel DXP (first approach). 


The accuracy in measuring phase of the phase/magnitude board can significantly 
increase or decrease the quality of the image that will be generated using the output data 
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of the phase/magnitude detector board. Since SAFT and microwave holography are more 
sensitive to phase accuracy most of the work in this section is done on determining the 
phase accuracy of the system. 



Figure 3.5 Picture of the populated phase/magnitude detector (first approach). 


To illustrate the sensitivity of the final image to phase accuracy of the phase, 
some images are provided from the work of my colleagues at amntl [13]. Figure 3.6 
shows the holographic images of a ramp panel with implanted voids at Q-band. These 
images show how critical the phase accuracy of the phase detector is. 
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Figure 3.6 Holographic images of a ramp panel with implanted voids at Q-band for 
different phase errors. Image (a) phase error of +/-0.1 degrees. Image (b) Phase error of 
+/- 3 degrees. Image (c) Phase error of +/- 7 degrees [13]. 


3.3. SECOND APPROACH FOR PHASE MAGNITUDE DETECTION 

Since the first approach did not produce satisfactory phase accuracy, other 
methods were considered for obtaining a more accurate phase detector. The second 
approach that was considered has some similarities to the first one. In this approach the 
reference and RF signals are not mixed down to 21.4 MHz, meaning the phase detection 
process is performed directly at 1040 MHz. One of the advantages of this approach is the 
resulting reduction in the complexity of the design since no down mixing is necessary. 
Also, there is no need to use phase shifter modules since a simple delay line can be used 
as a phase shifter. The advantage of a delay line is its robustness and insensitivity to 
moderate temperature changes. Figure 3.7 shows the block diagram of the design of this 
phase/magnitude detection board. This phase/magnitude board has two input ports, one 
for the RF (reflected) signal and one for the reference signal. The reflected signal 
contains information about the structure of material under test. The goal of making the 
phase and magnitude board is extracting the phase and magnitude of the reflected signal 
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Figure 3.7 Block diagram of the phase/magnitude detector (second approach). 


compared to the reference signal as accurately as possible. As shown in Figure 3.7, both 
of the signals are amplified after entering the board. This amplification is needed since 
the power level of the input signals in particular the RF signal, to the board is commonly 
low and not adequate for its detection of phase and magnitude. The input power of the 
reference signal to phase/magnitude board is about -10 dBm and may be somewhat 
different for different frequencies, while the power level associated with the reflected 
signal depends on the structure of the material under test. In addition, some insertion loss 
is associated with the different components in the signal path on the board and this 
amplification also compensates for these losses. After amplification, the signals are 
identically filtered using low-pass, high-pass and band-pass filters in both channels. Since 
the operating frequency of the phase/magnitude detector is constant, more efficient 
filtering at the signals frequencies increases the signal-to-noise ratio associated with the 
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signals at the input of the phase/magnitude detector ICs which will result in more 
accurate detection of phase and magnitude. For the best possible filtering, band-pass, 
low-pass and high-pass filters were incorporated on the input signals. The band-pass 
filters usually have undesired response at a few frequency bands other than their pass 
band frequencies, therefore using low-pass and high-pass filters in series with the band- 
pass filters provides more effective filtering. After filtering, the power level of the two 
channels are adjusted using a voltage variable attenuator and then the phase and 
magnitude of the reflected signal are compared to those of reference signal using 
phase/magnitude detector ICs. The layout of this design was also performed using Protel 
DXP. Figure 3.8 shows the picture of the unpopulated phase/magnitude detector board. 



Figure 3.8 Picture of the unpopulated phase/magnitude detector board. 


Figure 3.9 shows the picture of the populated phase/magnitude detector board. 
The input signals enter the board via the SMA connectors on the left and the detected 
phase and magnitude voltages are measured from the white connectors on the right. The 
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input DC voltages to the board are connected via the small white connectors on the 
bottom left. Subsequently, first the RF signal is amplified and filtered, and then is phase 
shifted and compared to the reference signal. The detailed specifications of each of the 
components are discussed next. 


Low pass filter Voltage variable attenuator Delay lines 


Low noise amplifiers Helical filters 


Phase/magnit 
ude detectors 




Input connectors 


DC power supply and protection circuitry 


Output connectors 


Figure 3.9 Picture of the populated phase/magnitude detector board. 


As shown in the picture of the phase/magnitude board, there are many vias all 
over the board. They basically connect the top and bottom layers. The reason for the use 
of so many vias is providing a very low inductance path to the return plane for RF 
signals. The density of vias is higher close to the 1-GHz lines which also reduces 
crosstalk between the channels. 
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3.3.1. Low Noise Amplifiers. The power level associated with the input signals to 
the phase magnitude detector are normally too low for proper phase and magnitude 
detection. This limitation is caused by the phase magnitude detector chips. HMC376LP3 
is a GaAs MMIC Low Noise Amplifier that operates between 700 and 1000 MHz. The 
amplifier has a 0.7 dB of noise figure, a 15 dB gain and a +36 dBm output IP3 from a 
single supply of 5 V. Input and output return losses are 14 and 12 dB, respectively. Input 
and output impedances of the IC are 50 Ohms and the maximum output power of the chip 
is 21 dBm at 1 GHz. HMC376LP3 is a 3 by 3 millimeter 16-pin IC with exposed ground 
paddle which is extremely difficult to mount to the board. The IC was mounted on the 
board using a microscope, a hot air gun and a soldering iron with very fine tip. Figure 
3.10 shows the circuit schematic of the amplifiers. 


C465V C47 



Figure 3.10 Circuit diagram of HMC376LP3 block. 
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Figure 3.1 1 shows the frequency response of this chip after being mounted on the 
board measured using HP8753D VNA. The two ports of the VNA are connected to the 
input and output of the circuit. The first port of VNA is connected to the board through a 
side launch connector and second port of VNA is connected to the output of the IC using 
a coaxial cable mounted on the trace with the minimum loop inductance between the 
inner and outer conductors. 



Figure 3.1 1 S21 measurement on HMC376LP3 using HP8753D VNA. 


Since the operating range of the amplifier is 700 MHz to 1 GHz, there would be 
some loss at 1040 MHz. Some loss is also associated with the connectors, traces and 
measurement probe cable. The measured gain of the amplifier is 14 dB at 1040 MHz. 
There are many different types of amplifiers available that are also easy to mount and 
operate, but the reason for using this amplifier is its attractive noise-figure of 0.7 dB. 
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Since there is an insertion-loss associated with components such as of the elements like 
filters, attenuators and power splitters, the signal should be amplified more than 14 dB. 
Consequently, another amplifier was used to amplify the signals even more. Figure 3.12 
shows the frequency response of the two amplifiers in series. 



Figure 3.12 S21 measurement on two stages of HMC376LP3 using HP8753D VNA. 


Using these two amplifiers on the RF channel, signal is amplified about 28 dB 
and the noise-figure of the signal is increased by 1.4 dB. The exact same amplifiers are 
used for the reference channel as well. The amplifiers also behave as a high-pass filters 
which is desirable in this design. 

3.3.2. Helical Filter. As mentioned before, better filtering on the input signals 
provides better signal-to- noise ratio at the input of the phase/magnitude detector ICs. The 
detection frequency is determined by the center frequency of the available band-pass 
filters that can be used around 1 GHz. Helical filters are one of the narrow pass-band 
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choices filtering for this frequency range that we had enough experience with. Their 1 dB 
bandwidth is about 20 MHz around 1 GHz. 

Due to the limitation of the synthesizer steps (20 MHZ), the IF frequency must be 
multiples of 40 MHz. Since there was no helical filter with the center frequency of 1 GHz 
available, a 1010 MHz helical filter was chosen. 5HW-100090A-1010 is a helical filter 
from TOKO that was used [15]. Since the nominal center frequency of the filter is 1010 
MHz, it has to be tuned for the center frequency of 1040 MHz. Helical filters have the 
capability of being frequency tuned to within about 10% but percentages add extra 
insertion loss. The insertion-loss of the filter at 1040 MHz is about 4 dBs. The 1-dB 
bandwidth of the helical filter is 16 MHz and the 3-dB bandwidth is 24 MHz at 1040 
MHz. Figure 3.13 shows the frequency response of the first helical filter on the RF 
channel measured using HP8753D vector network analyzer. As evident in Figure 3.13, 
the response has another peak at around 2.8 GHz which is not desirable; so more filtering 
is needed to filter out the second peak. 



Figure 3.13 S21 measurement on the first helical filter on the RF channel using HP8753D 

VNA. 
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3.3.3. Low-Pass Filter. Since the IF frequency is constant, better filtering 
decreases the noise level at the input of the phase/magnitude detector chips. Therefore, 
more filtering improves the signal-to-noise ratio of the signal that is to be detected. As 
shown in Figure 3.14, after the first helical filter the signal enters a surface-mount low- 
pass filter from Minicircuits. LFCN-1000 is a low-pass filter with the 3-dB cutoff 
frequency of 1.3 GHz [16]. Figure 3.13 shows the frequency response of this low-pass 
filter measured using a HP8753D VNA. 



Figure 3.14 S21 measurement on the low-pass filter on the RF channel using HP8753D 

VNA. 


The insertion-loss associated with this filter at 1040 MHz is 2 dB. This filter 
attenuates the undesired response of the helical filter at 2.8 GHz by more than 30 dBs. 

3.3.4. High-Pass Filter. For the same reason as in 3.15, a high-pass filter was 
also used after the low-pass filter for better filtering of the low frequency components. 
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HFCN-740 is a high- pass filter with the 3-dB loss at 740 MHz and less than 1-dB loss at 
1040 MHz from Minicircuits [16]. Fig 3.15 shows the frequency response of this high- 
pass filter measured with VNA. 



Figure 3.15 S21 measurement on the high-pass filter on the RF channel using HP8753D 

VNA. 


To have a lower noise level at the detectors, another helical filter is used after the 
high-pass filter for achieving narrower pass-band in the design and consequently 
increasing the signal-to-noise ratio at the input of the detectors. 

3.3.5. Voltage Variable Attenuator. Since RF and reference channels need to 
have the same frequency response at least for the frequencies close to the operating 
frequency of the phase/magnitude detector board, a voltage variable attenuator is used to 
compensate for the magnitude difference between the two channels. Using this voltage 
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variable attenuator, one can ensure that the loss (amplification) of the two channels at 
1040 MHz is equal. HMC346MS8G from Hittite Microwave Inc. is an absorptive 
Voltage Variable Attenuators (VVA) in 8-lead surface-mount packages operating from 
DC - 8 GHz [14]. It has an on-chip reference attenuator and only needs an external op- 
amp to provide a simple single voltage attenuation control between 0 and -3V. The 
device can be incorporated in designs where an analog DC control signal must control RF 
signal levels over a 30 dB amplitude range. Figure 3.16 shows the circuit diagram that 
has been used for the voltage variable attenuation. The potentiometer R47 can change the 
DC control voltage of the voltage variable attenuator and consequently change the 
attenuation of the channel. Same VVAs were used in both of the channels and using the 
tuning potentiometers; one can adjust the power level at the input of the phase/magnitude 
detector chips and make them equal for the reference and RF channels at 1 040 MHz. 
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Figure 3.16 Circuit diagram if voltage variable attenuator block. 
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Figure 3.17 shows the frequency response of the VVA while minimum 
attenuation is applied. As can be seen from Figure 3.17, the insertion-loss of the VVA IC 
while the minimum attenuation is applied is about 2 dBs. 



Figure 3.17 S21 measurement on voltage variable attenuator on the RF channel using 

HP8753D VNA. 


3.3.6. Power Splitter. To have an accurate detected phase in the range of 0 to 
360 degrees, three phase/magnitude detector ICs are necessary and RF and reference 
signals should be input to each of the detectors. The reason for needing three 
phase/magnitude detectors will be explained in Section 4. Thus, a power splitter is 
needed to split each channel to three parts and feed the phase/magnitude detectors. SCN- 
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3-13 is a 50 ohm, three-way 0 degree power splitter from Minicircuits [16]. The 
frequency range that this splitter can operate at is 750 MHz to 1325 MHz. The insertion- 
loss of the splitter at 1 GHz is about 6 dBs. The isolation between the outputs is about 12 
dB. This power splitter needs three external resistors to provide output isolation. Figure 
3.18 shows the circuit schematic that is used for the power splitter block including the 
external resistors. The power splitter has a typical magnitude unbalance of 0.3 dB and 
maximum 1 degree phase unbalance which are acceptable. 


RF out 1 


127 Ohms 


RF out 3 



Figure 3.18 Circuit diagram of the power splitter block. 


3.3.7. Delay Lines. As explained before, for unique phase detection within the 
range of 0 to 360 degrees, three different phase/magnitude detectors are necessary. Each 
of them can detect the phase between 0 and 180 degrees. Consequently, to cover the 
entire range of 360 degrees, the input reference signal to the phase/magnitude detectors 
should be phase shifted. The phase difference needed for the three references is 120 
degrees. So, the second detector receives the same reference as the first detector but 1 20 
degrees shifted. The third detector receives the same reference signal but 240 degrees 
shifted compared to the first detector. This phase shift is done using different lengths of 
coaxial cables as shown in Figure 3.19. 
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Figure 3.19 Picture of the delay lines and power splitters. 


3.3.8. Comparison Between the Responses of the Two Channels. After 
amplification and different types of filtering, the signals were divided and fed to three 
phase/magnitude detectors. At this stage, the frequency response of the two channels can 
be compared right at the input of the detectors. The test includes an S21 measurement 
between the input of the board (SMT connector) and the input to one of the 
phase/magnitude detectors while the phase/magnitude detector IC is not mounted. Figure 
3.20 shows the S21 measurement result of the two channels between the input connectors 
and inputs of one of the phase/magnitude detector ICs. 
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Figure 3.20 Frequency response of the RF and reference channel between the input 
connector and one of the inputs of the phase/magnitude detector. 


Figure 3.20 shows the delivered power at 1040 MHz to the phase/magnitude 
detectors for reference and RF channel are almost the same. Also, the responses of the 
two channels almost match between 950 MHz to 1 100 MHz. This adjustment was made 
using voltage variable attenuators and the tunable helical filters. Note that at about 100 
MHz off from the center frequency of 1 040 MHz the signals are attenuated by at least 40 
dBs. 

3.3.9. Phase/Magnitude Detectors. Phase/magnitude detector board is the last 
part of the transceiver system which was discussed in Section 2. Precisely, the transceiver 
system transmits the Q-band signal to the sample under test and receives the reflected 
signal. Q-band reflected signal contains the information about the inner structure of the 
material under test. This information is carried by the phase and magnitude of the 
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reflected signal compared to the transmitted signal. These Q- band signals are then mixed 
down to the IF frequency of 1 040 MHz and enter the phase/magnitude detector board. 
After all the filtering, amplification, etc., the reference and reflected (RF) signals go to a 
phase/magnitude detector IC. The IC is AD8302 from Analog Devices, Inc. AD8302 is a 
fully integrated system for measuring amplitude and phase of the signals in transceiver 
applications [17]. This IC requires few external components and a single supply of 2.7 V 
to 5.5 V. The ac-coupled input signals can range from -60 dBm to 0 dBm in a 50-Ohm 
system, to the maximum frequency of 2.7 GHz. The outputs provide an accurate 
measurement of either gain or loss over a ±30 dB range scaled to 30 mV/dB, and of phase 
over a 0° 180° range scaled to 10 mV/degree. Both phase and magnitude detection 
sections have output bandwidth of 30 MHz, which may optionally be reduced by the 
addition of external filtering capacitors. AD8302 includes two logarithmic amplifiers, 
with a 60 dB dynamic range. By taking the difference of their outputs, a measurement of 
the magnitude ratio or gain between the two input signals is available. Figure 3.21 shows 
the block diagram of AD8302. 



Figure 3.21 Block diagram of AD8302. 
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AD8302 can be used to determine absolute signal level by applying the unknown 
signal to one input and a signal with known power level to the other input as a reference. 
The input impedance of both of the inputs is nominally 3 K-Ohm at low frequencies. 
AD8302 includes a phase detector of a multiplier type. The phase detection measurement 
is independent of signal level over a wide range of powers because of the logarithmic 
amplifiers used. The detected phase and amplitude is simultaneously available within the 
range of 0 V to 1.8 V. The output drivers can provide up to 8 mA of current. The 
maximum RF input power to the IC is -3dBm for best operation. Figure 3.22 shows the 
detected magnitude output of the device vs. the power ratio of the two inputs at 900MHz. 
Figure 3.23 shows the magnitude error curves at 900 MHz. 



Figure 3.22 Detected magnitude output vs. the power ratio of the two inputs at 900 MHz. 
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Figure 3.23 Detected magnitude error vs. the power ratio of the two inputs at 900 MHz. 


As it can be seen from Figure 3.23, the maximum error of 1 dB can occur in the 
detected magnitude output at 1040 MHz. The magnitude detector was tested in the 
laboratory and maximum error of +/- 2 dB was measured. The detected phase output of 
the IC varies between 0 to 1.8 Y while the phase difference varies from 0 to 180 degrees. 
Figure 3.24 shows the output voltage of the phase detector vs. the phase difference of the 
two inputs and Figure 3.25 shows the error of the detected phase vs. the input phase 
differences. 




PHASE DIFFERENCE - Degrees 


Figure 3.25 Error voltage of the phase detector vs. the phase difference of the two inputs. 
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Figure 3.25 shows that the error increases when the phase difference is close to 0 
or 180 degrees. Basically, the output of the phase detector is valid when the phase 
difference of the two inputs is between 20 to 170 degrees. That is why three 
phase/magnitude ICs are used to cover the whole range of 0 to 360 degrees in the linear 
range, as will be explained later. 

3.3.10. Absolute Magnitude Detectors. In the phase/magnitude detector board, 
two absolute magnitude detectors are placed for testing purposes only. These two 
absolute detector ICs are basically used to detect if the 1 040 MHz signal exists on the RF 
and reference channels or not. If the value of the absolute magnitude detector on the 
reference channel is more than 1.1 V, it means that the whole transceiver system starting 
from the synthesizers and mixers and etc. are functioning properly. Figure 3.26 shows the 
output voltage of the IC versus its input power for the IC. 



Figure 3.26 Output voltage of the absolute magnitude detector vs. the input power 

at 900 MHz. 
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The input signal to each absolute magnitude detector is connected to the main 
signal (RF or reference channels) through a 1 K-Ohm resistor after the power splitter 
stage. This value is chosen for not to load the main signal channel. The absolute 
amplitude detector that is used is MAX2015 from Maxim. MAX2015 is a complete 
multistage logarithmic amplifier that is designed to accurately convert radio-frequency 
(RF) signal power in the 0.1 GHz to 2.5 GHz frequency range to an equivalent DC 
voltage [18]. Figure 3.26 shows the output voltage of the absolute magnitude detector vs. 
the input power at 900 MHz.Different test setups and procedures to check the accuracy of 
the phase/magnitude detector is explained in the next section. Also, challenges involving 
testing the phase/magnitude detector board are discussed. 
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4. PHASE/MAGNITUDE DETECTOR BOARD TESTS AND RESULTS 
4.1. INTRODUCTION 

The goal of this project is to design and build a coherent Q-band transceiver 
which can be used to create images of interior of materials. The data that is needed for 
accomplishing this task is phase and magnitude of the reflected signal from the material 
relative to the phase and magnitude of the transmitted signal. Phase and magnitude 
detection process is performed in the last section of the transceiver system. The output of 
this section is the above phase and magnitude information in the form of these voltages at 
the output of the phase/magnitude detector board, as explained in Section 3. To construct 
a high-resolution image, accurate information about phase and magnitude is necessary. 
To evaluate the accuracy by which is the phase/magnitude is determined, different tests 
were performed. Since without having an accurate phase detector with the maxim u m 
phase error of +/- 1 degree, constructing an image with an acceptable resolution is almost 
impossible, the phase/magnitude detector board must be tested separately to see if it 
meets these minimum requirements. This section presents different test setups and 
challenges for testing the phase/magnitude detector board. 


4.2. PHASE DETECTION PROCESS 

As discussed in Section 3, each of the phase/magnitude detector ICs on the 
phase/magnitude detector board can detect the phase difference of 0 to 180 degrees 
between its two input signals. However, the detectors do not act linearly when the phase 
difference between the inputs is close to 0 or 1 80 degrees. That is why using even two 
detectors can not cover the whole 0-360 degrees range. Therefore, 3 phase/magnitude 
detectors were used to cover full range of 0 to 360 degrees while ensuring that at least 
one of the detectors is operating in linear region. The test setup that was used in order to 
test the phase/magnitude detector board is shown in Figure 4.1. In this setup, two 
Stanford Research signal generators were used. These signal generators can provide 
variable phase signals. This phase change can be controlled by progr ammin g the 
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instrument. A computer is used to control the Stanford Research signal generators via 
GPIB port. 


Phase change control via GPIB 



Figure 4.1 Test setup that was used to examine the phase/magnitude detector board. 


The same program also imports the data present at the output of the 
phase/magnitude detector using a National Instrument DAQ card. The two signal 
generators are phase locked using a 1 0 MHz signal between them. The required code is 
written in Matlab and it basically changes the output phase of one of the signal generators 
while the output frequency of both of the signal generators is 1040 MHz. The phase is 
changed from 0 to 359 degrees with the phase step size of 1 degree. After each phase 
change, the 8 outputs of the phase/magnitude detector are imported to a data file. This 
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process of the changing phase and recording the data was done for hours and the data was 
acquired for many periods of 0 to 359 degrees. At each phase difference, the output 
voltages of the phase/magnitude board were samples 1000 times and the average values 
were recorded. Figure 4.2 shows the three outputs of the phase/magnitude detector board 
while the input phase difference changes from 0 to 360 degrees. 



Phase Difference in Degree (created by the signal generator) 


Figure 4.2 Three phase outputs of the phase/magnitude detector board while the input 

phase difference is being changed. 


As can be seen in the Figure 4.2, each of the detectors detects 180 degrees of 
phase difference only. Thus, the combination of the three detected phase outputs should 
provide a unique value for the phase within the range of 0 to 360 degrees. As mentioned 
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before, the reference signals to the three phase/magnitude detector ICs are 120 degrees 
out of phase using different length of delay lines. That is why the three outputs in Figure 
4.2 are 120 degrees out of phase. From the three phase/magnitude detector ICs, one can 
extract the unique value for the phase between 0 and 360 degrees [12]. It is important to 
note that there is some static error due to different non-ideal effects in the phase 
magnitude detector board that has to be considered in the software that translates output 
voltages of the phase/magnitude detector to a phase and magnitude. One of the sources of 
the error is the length of the delay lines which results in error in phase separation of the 
reference signals of the phase/magnitude detectors. This error causes that the phase 
differences between the references signals not to be exactly 120 degrees. The phase errors 
up to 5 degrees were observed as a result of the length variations. This error was 
discovered from the output data of the three phase/magnitude detectors while the phase 
difference of the input signal was being changed. Another source of none-ideal behavior 
of the phase/magnitude detector circuit is that the phase/magnitude detector ICs do not 
behave linearly for the voltages close to 0 and 1.8 V which are the low and high extreme 
outputs of the IC. Furthermore, the two channels consist of many active and passive 
components that do not behave exactly the same (they have slightly different frequency 
responses) although much effort was experienced to match the frequency response of the 
two channels using the voltage variable attenuators an tuning the helical filters. The 
difference in frequency response of the two channels was shown in Section 3. However, 
since all of the mentioned errors are static error (which can be characterized), they can be 
considered and characterized in the software part of the system. This part of the software 
code actually does the characterization of the phase/magnitude board using different test 
data. The characterization software basically compensates for the static errors caused by 
the phase/magnitude detector board. The main responsibilities of the characterization 
software are: 

• Scaling the phase axis of the output of the phase/magnitude detector ICs. The 
reason is that the detected phase voltage of the phase/magnitude detector 
repeats every 350 degrees instead of every 360 degrees as it is shown in 
Figure 4.2 This effect is basically due to none-linearity of the phase detectors 
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close to extreme voltages. This basically scales the voltages corresponding to 
each period of the 350 degrees of the linear detected phase outputs of 
phase/magnitude detectors to desired 360 degrees. 

• Center the three phase outputs of the phase/magnitude detectors in the range 
of -180 to 180 degrees while keeping the track of the original intended phase 
offset. Figure 4.3 shows the centring process [19]. 



Figure 4.3 Three phase outputs of the phase/magnitude detector board centred. 


Finally, the output voltages of the phase/magnitude detector are imported to 
characterization software and a unique and accurate value of phase and magnitude is 
extracted from all outputs of the phase/magnitude detector board. Using the test setup in 
Figure 4.1 a unique phase value was calculated for different input phase differences. The 
results of this test showed that the phase error of the phase magnitude detector output is 
+/-10 degrees which is not acceptable at all. With such resolution, no reasonable image 
can be constructed. At this point, the phase/magnitude board was double checked and 
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each stage was tested again and no reason for such behavior was found. To measure the 
stability of the phase/magnitude board, the test setup shown in Figure 4.4 was used. 



Figure 4.4 Test setup to check the stability of the phase/magnitude board. 


The test shown in Figure 4.4 was done to see if the detected phase outputs of the 
board are constant for constant phase difference input to the board. Since only one signal 
generator is used and the same signal is divided and fed to the board, the phase difference 
to the inputs is expected to remain constant. In this setup the desired output is constant 
phase output voltages. Figure 4.5 shows the detected phase output of the first phase 
detector. 
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Figure 4.5 Output phase voltage of the first detector for a constant input phase difference. 


As it can be seen in Figure 4.5, the detected phase for constant input phase 
difference fluctuate about 7 mV during more than an hour and 800 sampling points. Since 
each 10 mV can be translated to 1 degree of phase, this graph shows phase error of +/- 
0.35 degrees which is a very good value. This test shows that there is no internal 
malfunction that can lead to phase error of +/- 10 degrees inside the phase/magnitude 
detector board. The value of 0.84 V for this graph is due to phase difference associated 
with different lengths of the cables that connect the power divider outputs to the 
phase/magnitude detector. 

After this test, the signal generators were tested. The Stanford Research Company 
claimed that while the two signal generators are phase locked, they provide an accurate 
and stable signals from phase point of view. To make sure that the error is not caused by 
the signal generators, the test setup in Figure 4.6 was used. 
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Figure 4.6 Test setup to check the phase accuracy of the signal generators. 


In this test an HP 8753D vector network analyzer was used to check the phase 
stability of the two signal generators. The two signal generators are phase-locked and 
connected to port 1 and R channel of the VNA while phase was measured. The phase of 
each of the signal generators was set to be constant. The desired output of VNA was 
constant phase, but the detected phase drifted more than 10 degrees in less than 5 
minutes. This test showed that the signal generators are not stable at all even though the 
Stanford Research Company promises much better phase stability. This problem was 
discussed with the technical support engineers at Stanford Research and they finally 
agreed that the phase stability of their signal generators is not that good. 

This test showed that phase of the signal generators drift and they can not be used 
as a reference to determine whether the phase/magnitude detector board is working 
properly or not; but it does not guarantee that all the error observed in the first test setup 
comes from the signal generators. To measure the detected phase accuracy of the 
phase/magnitude board, the test setup in Figure 4.7 was used. 
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Figure 4.7 Test setup to measure the phase detection accuracy of the phase/magnitude 

board. 


In this setup, the same input that enters the phase/magnitude detector board is 
given to VNA for phase measurement using two power dividers. The setup works similar 
to the first setup but the detected phase from VNA is used as accurate phase difference 
between the two signals instead of the phase difference of the signal generators. The 
output power of each signal generator was set to -30 dBm. A Matlab code was developed 
to change the phase of one of the signal generators and save the output data of the 
phase/magnitude detector and detected phase of the VNA for comparison. The two signal 
generators and VNA are phase-locked using the 10 MHz signal provided by the 
instruments. All the controls are done using a PC through GPIB ports and the outputs of 
the phase/magnitude board are imported using a DAQ card from National Instruments. 
Figure 4.8 shows one of the phase outputs of the phase/magnitude detector board and the 
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output of the VNA. It can be seen that they perfectly match for the time of more than an 
hour of changing the phase of the signal generators. 



Figure 4.8 Detected phase by phase/magnitude detector and VNA. 


Figure 4.9 shows the phase/magnitude detector error compared to detected phase 
compared to VNA for the test setup in Figure 4.7. It also shows that the average deviation 
of the detected phase by phase/magnitude detector from the output of the VNA is less 
than +/-0.5 degrees [19]. This test was performed for different powers at the input of the 
phase/magnitude board and the average detected phase error of the phase/magnitude 
board compared to VNA was less than +/- 1 degree for all the tests which is acceptable. 
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As it can be seen in Figure 4.9, a periodic error can still be seen in the curve which 
repeats every 360 degrees. This means that the characterization software can still be 
improved and this periodic signal can be compensated. Next section covers the scanning 
procedure using the transceiver system toward the goal generating high-resolution SAFT 
images. 



0 200 400 600 800 1000 1200 1400 1600 1800 2000 

Phase input (deg) 

Figure 4.9 Phase/magnitude’s detected phase error compared to the detected phase by 

VNA [19]. 


4.3. ERROR SOURCES 

In the process of phase and magnitude detection, several types of errors may 
occur. Here are the possible error sources in both first and second approaches of phase 
and magnitude detection: 
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• Thermal noise 

• Non-linearity of the detectors 

• Cross-coupling between channels 

• Non-similar changes in the characteristics of the filters in the reference and RF 
channels over time 

• None-ideal behavior of the phase detectors while the phase is constant and magnitude 
is changing (the detected phase won’t be constant in this case). 

• Modulation of magnitude while phase is changing due to non-ideal behavior of the 
detector ICs 

In the first phase and magnitude detector, DC instability of the phase shifters was 
a source of error. In addition, the instability of the local oscillator used for down mixing 
contributed to the error. Furthermore, non-similar changes in characteristics of the 
narrow-band filters in the first approach are more critical compared to the wider filters of 
the second approach. As explained in this section, the non-linear behavior of the 
phase/magnitude detectors is characterized for the second phase/magnitude detection 
board. The thermal noise error is also partially compensated by using averaging in the 
phase/magnitude detector board and averaging during the data acquisition with the DAQ 
card. 


4.4. DYNAMIC RANGE CALCULATIONS 

To calculate the dynamic range of the transceiver, the noise levels at different 
stages of the system should be determined. To calculate the noise level at the input of the 
phase/magnitude detector ICs assuming temperature of 300 K, the noise power density at 
the outputs of the dual-directional coupler would be -174 dBm. Since the noise-figure of 
the receiver mixers is 3.5 dB and their conversion gain is 9 dB, the noise level at the two 
inputs of the phase/magnitude detector would be -161 dBm [8]. Since the reference and 
RF channels of the phase/magnitude detector board are similar, the noise calculation is 
similar for the two channels. The gain of each channel is 28 dB and their loss is 25 dB, 
therefore the total added gain to the input signals is 3 dB. The noise-figure of each of the 
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amplifiers is 0.7 dB. It means that the added noise to the signal due to noise-figure of the 
amplifiers is 1.4 dB. The 3-dB bandwidth of the channel is 40 MHz, therefore the power 
of the noise that will pass is 10*log(40 M) that is 76 dBm. Finally, the noise power at the 
input of the detectors will be -161 dBm plus 3 dB for gain and 1.4 dB for noise-figure of 
the amplifiers and 76 dB for the 3-dB bandwidth of the system; Therefore, the noise level 
at the input of the detectors is about -80 dBm which is 20 dB less than the minimum 
detectable noise by the detectors. This calculation means that the design of the system 
from thermal noise point of view is acceptable. 
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5. SCANNING PROCEDURE AND RESULTS 

5.1. INTRODUCTION 

Microwave imaging is a nondestructive evaluation (NDE) method for examining 
properties of a material in order to gain information about its inner structure. There are 
several different microwave imaging techniques that exist today. As explained in section 
1, the goal of this work has been to develop a Q-band coherent transceiver capable of 
producing the necessary data for reconstructing synthetic aperture and holographical 
images. The process consists of performing a raster scan on a material under test using 
the transceiver system. The transceiver output is then the phase and magnitude of 
reflected signal measured at each single point of the scan. In the end, existing SAFT 
algorithms are used to construct an image of the material under test. Finally, to evaluate 
the usefulness and the overall capabilities of this transceiver, these images are compared 
to those obtained using a VNA. This comparison is expected to demonstrate the 
performance capabilities of the transceiver for producing high-resolution images. Since 
the transceiver has the ability to sweep the frequency range between 35 GHz to 45 GHz, 
microwave holography techniques can be used to provide depth resolution, as well. 
Swept-ffequency scan is not presented in this thesis since the necessary software for 
running the swept frequency scan mode was not ready at the time of its writing. Thus, the 
comparison is basically between the SAFT images generated using a VNA and the 
transceiver system. In the next sections the scanning procedure is explained and several 
different results are presented. These results show the images constructed from raw data 
and also those after applying the SAFT algorithm. Different types of averaging schemes 
were also applied to the output of the transceiver and those results are also discussed. 

5.2. FIRST SCAN SETUP AND RESULTS 

After assembling the transceiver, it had to be tested so in order to evaluate its 
functionality. The best way to examine the total functionality of the system is to perform 
a scan on a known sample. The scan setup used for this purpose is shown in Figure 5.1 In 
this setup, the computer controls the scanner, meaning that it sends required commands to 
the motor controllers to move the transceiver system in X and Y directions above the 
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sample. The computer also reads the phase and magnitude voltages provided by the 
transceiver at each point. As was discussed in Section 2, each synthesizer needs an 8-bit 
digital TTL input to set its output frequency. These bits may be sent to the synthesizers 
from the same computer but. However, due to some software limitations these bits were 
sent to the synthesizers through a wireless USB from another computer. The fact that the 
control bits were sent from another computer does not adversely affect in the 
functionality of the system. 
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Figure 5.1 Picture of the scanning system. 


In the scanner program menu, the user can define the scanning area and X and Y 
moving steps. This scanning program is written in Labview and controls the scanning 
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process. It controls the entire movement of the transceiver in a raster fashion and imports 
the 8-channel output voltages from the National Instrument’s DAC card and saves in 
addition to information. Two different scans with different sample under tests were 
performed and in each of them, scans were performed for three frequencies. In the first 
one 8 rubber posts were used as a sample and in the second scan four smaller posts were 
used. In the second scan a 10-times averaging scheme was also implemented. 
Consequently, for the second scan, two different types of data averaging are performed. 
The first is inside the transceiver and in phase/magnitude detector which is an RC 
filtering and the second is averaging the DAQ card data for each point. Three scans were 
performed with the setup shown in Figure 5.1. As mentioned earlier, swept frequency 
scan could not be performed with the available scanning software at the time so the scans 
are all single frequency. Consequently, three frequencies were chosen to perform scans 
representing the low, the middle and the high ends of the operating frequency band of the 
transceiver system. The corresponding frequencies are 35.04 GHz, 40.16 GHz and 45 
GHz and the control bits to program the synthesizers are “00000001 , “10000001 , 
“1111 1010 for synthesizer 2 and “00000000 , “10000000 ,“1111 1010 for synthesizer 
1, respectively. Therefore, a scan was performed separately for each frequency and 
images were at each frequency. Figure 5.2 shows a horn antenna used as the probe. The 
probe is directly attached to the dual-directional coupler inside the transceiver system via 
a circular waveguide flange. Different types of horn antennas can also be attached to the 
transceiver system for optimized functionality in specified applications. If no horn 
antenna is used, an open-ended waveguide can also be used as the probe but since the 
horn antennas adds some gain to the system, the open-ended waveguide should be held 
closer to the sample under test to receive sufficient reflected signal. As discussed in 
Section 3, the outputs of the phase/magnitude detector (actually are the outputs of the 
transceiver system) are 8 voltages which corresponding to the phase and magnitude of the 
reflected signal. Three of the voltages are magnitude-related voltages and three of them 
are phase voltages. The remaining two voltages are the outputs of the absolute magnitude 
detectors that are only used for continuous monitoring of the transceiver 
performance. 
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Figure 5.2 Picture of the probe on the sample under test. 


Before executing the SAFT algorithms on the acquired data, a simple code was 
executed on the raw data to simply determine if the transceiver was operating properly. It 
means that this scan was performed only to see if one can extract images from the output 
voltages produce by transceiver. This test is expected to illustrate the overall and general 
operational quality of the transceiver. The detailed discussions and comparisons are given 
for the scan that was performed on a sample with four smaller posts in the next sections. 
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The code that generated the images in Figure 5.3 basically reads the output voltages of 
the transceiver at each point of the scan and assigns a relative color to the value of the 
voltage and constructs an image. These images are the raw images generated from the 
voltage outputs. If an image can be constructed from each of the phase and magnitude 
output voltages of the transceiver system, there is a good chance that performing the 
SAFT algorithms will produce an image with higher spatial resolution. Figure 5.3 shows 
images that are produced from the transceiver output voltages without any signal 
processing. Axis of each image represent X and Y position of the scanned point in 
millimeters. As shown in Figure 5.2, there are 8 rubber scatterers of different sizes (from 
0.5 cm by 0.5 cm to 2 cm by 2 cm) placed on a metal plate at different heights. These 
scatterers are large and the system should be able to generate images for much smaller 
scatterers at 40 GHz, but this scan was done only for proper system functionality 
illustration purposes. Figure 5.3 shows that all of the 6 raw phase and magnitudes can see 
the position of all 8 scatterers. In Figure 5.3 a ring is distinguishable around each of the 8 
posts; this ring is generated because the antenna has side lobes, meaning that although the 
horn antenna is not directly on top of the post (scatterer), it still sees the post from its 
side-lobe. These rings are also weaker since they are detected by the side lobe of the horn 
antenna rather than the main lobe. Since each of the 6 phase and magnitude outputs of the 
transceiver system detect the expected information and can generate an image, it is 
expected that the SAFT algorithm provide images with higher spatial resolution. As 
evident in Figure 5.3, the square rubber posts are detected as rectangles. That’s because 
of the X and Y ratio of the scanned area which results is stretching the squares. 
Subsequently, another scan was performed on a sample with smaller posts compared to 
the sample in Figure 5.2 and raw and SAFT images generated for this scan using the 
transceiver system were compared to images generated using a VNA for the same 
sample. The procedure is that after importing the 6 phase and magnitude voltages to the 
computer, a characterization procedure is performed on the data to translate these 
voltages to final phase and magnitudes needed for the SAFT algorithm, as explained in 
Section 4. This characterization routine simply generates a unique phase and magnitude 
for each single sampling point from the 6 input phase and magnitude voltages. 
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Subplot 1 


Subplot 2 




Subplot 3 Subplot 4 



Subplot 5 


Subplot 6 


Figure 5.3 Images of the raw output voltages at 40.16 GHz. 

Subplots 1, 2 and three show the three magnitude voltages and subplots 4, 5 and 6 show 

the three phase voltages. 
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5.3. SECOND SCAN SETUP 

After evaluating the functionality of the transceiver system in the first scan, a 
second scan was performed on a new sample with smaller scatterers. The images 
generated from this sample using the transceiver system was then be compared to the 
images of the same sample using an accurate VNA. Figure 5.4 shows the second 
scanning setup with the new sample under test. Different scans were performed on the 
new sample, including those using a horn antenna and an open-ended waveguide at each 
of the three frequencies. All of the images generated using transceiver system output data 
are constructed after performing characterization and calibration algorithms on the data. 
Calibration is the exact same calibration process that is commonly performed in a VNA. 
The calibration plane is right at the waveguide opening shown in Figure 5.5. 


PC including a DAQ card 


Power supply Motor controller 


Wireless 

USB 

Receiver 



Prepared sample 


Transceiver system 


Figure 5.4 Picture of the scanning system. 
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The calibration kit consists of a short, a shim and a Q-band load. The calibration 
process consists of placing the short, short and shim and the load at the opening of the 
dual- directional coupler individually and sweeping the entire frequency range while the 
output voltages of the transceiver being saved. These three different sets of data are then 
used as calibration data to process the results and generate the final image. Figure 5.5 
shows the dual-directional coupler inside the transceiver system to which the horn 
antenna or each of the calibration kits is connected. 



Dual directional coupler 


Figure 5.5 Dual-directional coupler in the transceiver system. 


In the setup shown in Figure 5.4, the transceiver system is attached to the moving 
arm of the scanner using four clamps and subsequently a raster scan was performed. 
Figure 5.6 shows the sample that was scanned. This sample consists of an aluminum plate 
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and four foam posts with rubber scatterers of 8 mm by 8 mm on top of them at different 
heights. To adjust the height of the scatterers, pieces of foam with dielectric constant of 
almost 1 (similar to air) were used. So, while raster scanning is performed, the 
microwave signal is radiated from the antenna and almost completely reflects at the metal 
plate. At the positions that the wave interacts with a rubber scatterer, a portion of the 
wave is reflected back and the rest is scattered away from the probe. Since the rubber 
pieces are not perfectly parallel to the metal plate, not all of the reflected wave may be 
picked by the horn antenna. 



Metal plate l ' oam 

Figure 5.6 Picture of the sample under test. 


Ideally, using the SAFT algorithm it should be possible to synthetically focus at 
different heights and see the image of each of the scatterers clearly. In the first scan, no 
averaging was done on the data acquired by the DAQ card, but in most of the 
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applications the data acquired by a DAQ card is averaged to eliminate noise fluctuations 
or other types of present random noise. It is important to note that although no averaging 
was done on the DAQ cards data, there is still some analog averaging performed in the 
transceiver system’s phase/magnitude detector. This is basically done through an RC 
low-pass filter with the bandwidth of 30 KHz. However, averaging on the data acquired 
by the DAQ card eliminates the noises that may have affected the wires that connect the 
transceiver output voltages to the DAQ card and the noise of the DAQ itself as well. 
Consequently DAQ card averaging was also performed in the second scanning program. 
Figure 5.7 shows the probe which is a horn antenna in this setup while scanning the 
sample under test. 


Transceiver unit ClamD to hold the 




Probe (Horn Antenna) 


Rubber scatterer 


Figure 5.7 Picture of the probe on the sample under test. 
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5.4. SECOND SCAN RESULTS AND COMPARISON WITH VNA RESULTS 

As discussed in Section 4, the 6-voltage outputs of the phase/magnitude detector 
circuit, which are the final outputs of the transceiver system, are used in a 
characterization code to generate one single value for each phase and magnitude of the 
scanned data. Figure 5.8 shows the raw single- value phase and magnitude images 
resulting from a scan that is performed on the sample shown in Figure 5.6 for three 
frequencies. 



Figure 5.8 Characterized single-value phase and magnitude images of the scan for 3 
frequencies. Images (a) and (b) are the magnitude and phase images at 35.04 GHz 
respectively. Images (c) and (d) are the magnitude and phase images at 40.16 GHz 
respectively. Images (e) and (f) are the magnitude and phase images at 45 GHz, 

respectively. 
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As mentioned earlier, two different scans using the transceiver system and a 
VNA should be performed on the same sample under test to determine the total quality of 
the transceiver system. The following images compare the images produced using the 
transceiver system and an accurate VNA at three different frequencies. Since the sample 
under test includes posts with different heights, the comparison is done for the best image 
focused on the piece of rubber placed on top of the metal plate. (Second post from left in 
Figure 5.6) 

Figure 5.9 shows the picture of the open-ended waveguide above the sample 
under test in VNA scan setup. This sample under test was reproduced using the same 
posts but on a different metal plate. However, the post structures are identical to the 
sample that was used for scan using the transceiver system. A slight difference in placing 
the posts on the metal plate can occur which can result some difference between the two 
images. 



Figure 5.9 Picture of the open-ended waveguide above the 
sample under test in the VNA scan setup. 
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Figure 5.10 compares the results of the transceiver system in the setup shown in 
Figure 5.4 with the results using the VNA. The SAFT images are focused on the second 
post from the left. 





HWirtnj 



|.7f Mff* 



Figure 5.10 Comparison between the SAFT images focused on the second post from the 
left generated using the transceiver system and VNA at 45 GHz; the left column shows 
SAFT images using a VNA and the right column are images using the transceiver system. 
The imaging frequency of the first to third rows is 35.04 GHz, 34.16 GHz and 45 GHz, 

respectively. 


Figure 5.11 compares the results from transceiver system in the setup shown in 
Figure 5.4 with the results using VNA. The SAFT images are focused on the first post 
from the left. 
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(104 mm) (-74 mm) 



Figure 5.1 1 Comparison between the SAFT images focused on the first post from the left 
generated using the transceiver system and VNA at 45 GHz; the left column shows SAFT 
images using a VNA and the right column are images using the transceiver system. The 
imaging frequency of the first to third rows is 35.04 GHz, 34.16 GHz and 45 GHz, 

respectively. 


There are some issues that are worth discussing with respect to this fact. 

1- The characterization data that was used to generate the images from the 
transceiver system were old and many changes have subsequently been made 
on the board. Furthermore, all the characterization that was done on the 
scanned data was phase characterization. As it was discussed in Section 4, a 
test was performed to determine the phase accuracy of the phase magnitude 
detector board. The data from that test setup was then used to characterize the 
phase/magnitude detector. Since there was no signal generator available 
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capable of producing variable output power while the phase is constant, no 
power characterization test was done on the board. Thus, a new phase and 
magnitude characterization is needed to generate better quality images. This 
characterization does not involve the phase/magnitude detector only, but it 
affects the whole transceiver system including all the passive and active 
components. Phase characterization is done using a tuneable Q-band short. In 
this setup, a short is moved precisely in front of the waveguide opening and the 
output of the transceiver system is saved for different frequencies. The same 
setup can be used for magnitude characterization but using a variable 
attenuator. The Q-band tuneable short is already purchased and the Q-band 
variable attenuator is on order at this time. Using the tuneable short and the 
tuneable attenuator, the transceiver system can be more efficiently 
characterized and this is expected to result in much better. 

2- The DAQ card that was used to import the data from the transceiver system to 
the computer is an old one from National Instruments. The input impedance of 
an analog to digital converter should ideally be in the order of M-Ohms but the 
input impedance of the used DAQ card in the scan was much less and the 
DAQ card was actually loading the phase/magnitude detector during a scan. 
This loading can adversely affect the accuracy of the voltages read from the 
phase/magnitude detector board. Also, the voltage values that were read by the 
DAQ card were about 0.4 V less than the actual voltage right at the output of 
the phase/magnitude detector. This can dramatically decrease the effectiveness 
of the characterization algorithm on the phase/magnitude board. The reason for 
using the old DAQ card was some software-hardware compatibility issues for 
the scanning system. So, using the new National Instrument’s DAQ card that is 
already purchased for the purpose of this project can improve the quality of the 
final images by decreasing the unwanted noise on the outputs of the 
transceiver system and solving the loading issue. 

3- As it is clear in all the images produced using the transceiver system, there is a 
non-desired effect on the left side of the images. This issue is due to the edge 
effect when the probe approaches the edges of metal plate and also due to 
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polarization. This problem can be solved by using a larger metal plate so that 
the probe is never held close to the edges. In the VNA test setup a very large 
metal plate was used that prevented the edge effect. 

4- The distance between the sample under test and the transceiver system was 
being changed for different scans after examining the acquired data because at 
the time it was assumed that the reflected power to the transceiver system is 
probably not enough. That’s why the focus heights are different for different 
frequencies. 

5- The time interval between performing the calibration and running the scans 
were too long (up to 5 hours). It is always better to perform the calibration 
right before performing the scan to calibrate even for room temperature and 
factors of this sort. 

6- The two posts on the right of the images were a little bit tilted in the scan setup 
using the transceiver system and may have prevented SAFT algorithm to be 
able to focus on them properly. 

In this section, the transceiver’s overall functionality was examined and SAFT 
images generated by the transceiver system were compared to those of VNA at three 
different frequencies. The results confirm that the transceiver shows a great potential to 
replace a VNA. To generate images with higher quality, the functionality of a few 
components of the transceiver can be slightly improved and also better quality scanning 
equipments can be used as explained. In the next section the s ummar y of this work and 
the roadmap for the future work is presented. 
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6. SUMMARY AND FUTURE WORK 

6.1. SUMMARY 

Nondestructive evaluation (NDE) is the science and practice of e xaminin g an 
object in a way that the object’s usefulness is not adversely affected. Different types of 
NDE methods exist but this thesis is based on microwave and millimeter wave NDE 
using imaging techniques. Microwave NDE is based on illuminating the object under test 
with a microwave signal and studying the various properties of the reflected signal from 
the object. This reflected signal contains information about the inner structure of the 
object under test. This information may be contained in several parameters including the 
phase and magnitude of the reflected signal. The goal of this project is to design and 
build a Q-band coherent transceiver capable of measuring the reflected signal’s phase and 
magnitude so that an image of the object under test may be reconstructed. There are 
different techniques to generate an image of an object. The techniques of interest to this 
work include synthetic aperture focusing technique (SAFT) and microwave holography. 
The main goal of this work is building a transceiver system with the following 
capabilities. 

• Sweeping a large portion of Q-band (33-50 GHz) frequency range. 

• Small frequency step in the order of tens of MHz. 

• Acquisition time of less than 500 micro seconds for each frequency step so that a 
relatively quick frequency sweep can be conducted. 

• Detecting phase with error of less than +/- 1 degree compared to a VNA. 

• Detecting the magnitude with error of less than +/- 1 dB compared to a VNA. 

• An average output power of at least 0 dBm over the band. 

After studying several different designs, the circuit diagram of the transceiver 
system was decided to be as shown in Figure 2.1. The transceiver system generates the 
microwave signal, transmits it to the sample under test, receives the reflection and 
extracts the phase and magnitude information from the reflected signal in the form of six 
voltages. These voltages then are transferred to the computer using a DAQ card and 
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characterization process is performed on them to extract a unique value for the phase and 
magnitude by considering the characteristics of the system. In the transceiver system 
some components were commercially available and some components were custom 
designed and built in the laboratory. The phase/magnitude detection board is fully 
designed, tested and implemented in the laboratory. An RF power divider and a DC 
power supply board were also designed and built in the laboratory. 

The scanning process consists of moving the transceiver system over the sample 
under test while the phase and magnitude voltages are imported to the computer for each 
single point of the scan. The scanner moves the transceiver system in X and Y direction 
in a raster pattern as illustrated in Figure 1.1. Subsequently, the data is processed off-line 
resulting in the generation of final image of the sample under test. 

There were several issues in building the transceiver system including the 
problems with the test equipments, commercial availability of the components and 
shipment delays from the vendors. 

As discussed in Section 5, the images generated using the transceiver system, 
were compared to the images produced using a Q-band vector network analyzer for the 
same sample under test. This comparison was done at three different frequencies to 
examine the phase and magnitude error of the transceiver system compared to the VNA. 
The results showed that the quality of the SAFT image generated using VNA was better 
than the quality of the image generated using the transceiver system. Some reasons that 
were most likely the reason of the lower quality images from the transceiver system were 
also mentioned and some suggestions were given. 

6.2. FUTURE WORK 

Although the transceiver system seems to be complete and robust, there are 
certain aspects of its design that can still be improved. Following, are some suggestions 
about the possible improvements that might be considered in the future in the design of 
the transceiver system: 

• The characterization data that was used to generate the images from the 
transceiver system were old and many changes have subsequently been 
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made on the board. Furthermore, all the characterization that was done 
on the scanned data was phase characterization and not magnitude 
characterization. This characterization does not involve the 
phase/magnitude detector only, but it affects the whole transceiver 
system including all the passive and active components. Phase 
characterization is done by using a tuneable Q-band short and magnitude 
characterization by using a variable attenuator. Using the tuneable short 
and the tuneable attenuator, the transceiver system can be more 
efficiently characterized and this is expected to result in much better. 

• Adding up to 5 dBs of attenuation at the reference input of the 
phase/magnitude detector board forces the phase/magnitude detector ICs 
to work in a more linear fashion. 

• The DAQ card that was used to import the data from the transceiver 
system to the computer is an old one from National Instruments which 
was loading the outputs of the transceiver unit during the scan. This 
loading can adversely affect the accuracy of the voltages read from the 
phase/magnitude detector board. Using the new National Instrument’s 
DAQ card that is already purchased for the purpose of this project can 
improve the quality of the final images by decreasing the unwanted noise 
on the outputs of the transceiver system and solving the loading issues. 

• The current phase/magnitude detector board has helical filters with the 
center frequency of 1010 MHz which are pushed to 1040 MHz. This 
tuning of the center frequency increases the insertion loss of the filters. 
After tuning the phase/magnitude board, helical filters with the center 
frequency of 1040 were purchase to be used in the next versions of the 
phase/magnitude detection board. 

• As explained in Section 2, in the transmitter side of the transceiver 
system, a module including a doubler and a mixer is used for doubling 
purpose only while the mixer part is not used. A doubler can be used 
instead of this module and can decrease the loss on the transmitted signal 
by about 2 dBs since the mixer is omitted. 
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• Although all different considerations were taken into account to build the 
best possible enclosure for the transceiver system, it still suffers from 
some mechanical problems. First of all the enclosure is a bit small to put 
all the modules easily and connect all the connectors and cables. 
Secondly, the placement of the modules might be changed so that 
replacing each of them does not require disassembling the others. Also, 
The 8 V and 12 V regulators of the power supply board and the 5 V 
regulator of the phase/magnitude board need larger heat sinks. The best 
way is to mount all three of these regulators on the body of the 
transceiver box. Furthermore, the transceiver system includes many semi 
flex coaxial cables of different types that connect different units to each 
other. Many of these cables are longer than necessary and they not only 
increase the power loss of the transmitted and received signals by a 
couple of dBs, but alsp make system integration more difficult. They also 
take up some space which is not desirable in the integration of the 
system. 

• The power divider was designed and built in the laboratory and its 
substrate is very thin and fragile. Although a lot of solder was put on the 
back side of the board for mechanical stability reasons, still the best way 
to use epoxy glue to strengthen the mechanical structure of the power 
divider. 

• In the phase/magnitude board, four low-noise amplifiers were used 
which are extremely difficult to mount. In the new layout design of 
phase/magnitude board, different type of amplifiers were used which are 
easier to mount. This new version of the phase/magnitude board is 
already manufactured and is ready to be populated. 

• The two 90-degree hybrids that are used in the receiver part of the 
transceiver system are physically too large and heavy and smaller and 
lighter hybrids can be purchased and used at 1 GHz. This will not affect 
the functionality of the system but can decrease the weight of the system 
by about half a pound. One of the 90-degree hybrids that can be used 
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instead of the current hybrid is “ZX10Q-2-12 from Minicircuits. This 
module is smaller, lighter and cheaper compared to the modules that are 
currently being used. 



APPENDIX A. 


CIRCUIT DIAGRAM OF THE PHASE MAGNITUDE DETECTOR BOARD AND 
DATASHEETS OF THE COMPONENTS THAT ARE USED IN THE TRANSCEIVER 
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1. INTRODUCTION 

Included with this thesis is a CD-ROM, which contains datasheets of the different 
components which are used in this project. Also the circuit diagram of the 
phase/magnitude detector board with signal power levels and DC levels are provided. In 
addition, the schematic diagram of the transceiver system with the power levels of the 
signal is included. The circuit diagram of the phase/magnitude detector board is 
developed using ALTIUM PROTEL DXP and the datasheets have PDF and HTML 
format. 

2. CONTENTS OF THE PHASE MAGNITUDE BOARD FOLDER 

• AD8302.pdf 

• hmc3761p3.pdf 

• LFCN-1000.pdf 

• MAX2015.pdf 

• SCN-3-13.pdf 

• AD797.pdf 

• HFCN-740.pdf 

• hmc346.pdf 

• LM7805.pdf 

• LM7905.pdf 

• 5HW, 5HT Helical Filters for Surface Mounting.htm 



3. CONTENTS OF THE TRANSCEIVER FOLDER 


• XU1004.pdf 

• XR1004.pdf 

• arhrectangular_hom_antennas_copy2 .pdf 

• QJY - QJI Series Precision Junction Circulators and Junction Isolators.htm 

• QJB - QJD Series Bi- and Dual-Directional Precision Couplers.htm 

• Frequency sources, Low-Noise Crystal Oscillator.htm 

• Atm Inc_ - Coax Components - Couplers, 90 Hybrid, 3Db.htm 

4. CONTENTS OF THE TRANSCEIVER FOLDER 

• revised aman.SchDoc 



APPENDIX B. 


SIGNAL POWER LEVELS AND LEVEL DIAGRAMS IN THE 
PHASE/MAGNITUDE DETECTOR CIRCUIT 
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A 

-6 dBm Max. Level 

-63 dBm Min. Level 

-85 dBm aaa^/vA^ Noise Level 

\ 

(40 MHz BW of the filters considered) 


c 

15 dBm Max. Level 

-42 dBm Min. Level 

-67 dBm Noise Level 

\ 

(40 MHz BW of the filters considered) 


B 

22 dBm Max. Level 

-35 dBm Min. Level 

-60 dBm aaa^vvi^ Noise Level 

\ 

(40 MHz BW of the filters considered) 


D 

8 dBm Max. Level 

-49 dBm Min. Level 

-74 dBm Noise Level 

\ 

(40 MHz BW of the filters considered) 


E 

0 dBm Max. Level 

-60 dBm Min. Level 

-82 dBm aaa^wiA^ 1 Noise Level 


APPENDIX C. 


SIGNAL POWER LEVELS AND LEVEL DIAGRAMS IN THE TRANSCEIVER 

SYSTEM 



NF=3.5 dB 
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5 dBm Max. Level 


-174 dBm /wwviA^ Noise Level 
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-6 dBm Max. Level 

-66 dBm Min. Level 

-85 dBm A/\zwvtA^ Noise Level 

\ 

(40 MHz BW of the filters considered) 



APPENDIX D. 


CIRCUIT DIAGRAM OF THE POWER SUPPLY BOARD 
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APPENDIX E. 


SYNTHESIZER’S CHARACTERISTICS 





100 Davids Drive 
Hauppauge, New York 1 1 788-2034 
Tel: 631 436 7400 
Fax: 631 436 7431 
www.miteq^com 


MODEL: SLS-T7.0-22.0-2QM 
STEP S(ZE: 20 MHz 
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INBAND AND OUT OF BAND __5l.j2.SPEC 55 dBc HARMONIC 4///? SPEC -20dBc 

SWITCHING SPEED 100ns MAX. (DESIGN GOAL OF 50ns) SEE PLOT 
MEASURED AT TUNNING LOCK VOLTAGE 

SINGLE SIDE BAND PHASE NOISE dBc/H7: 
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IKHz -55 SEE GRAPH 

lOKHz -65 

lOOKHz -85 
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100 Davids Drive 
Hauppauge, New York 11788-2034 
Tel: 631 436 7400 
Fax: 631 436 7431 
www.miteq.com 


MODEL: SLS-1 7.5-22. 5-2QM 
STEP SIZE: 2Q MHz 


FREQUENCY RANGE: 1-7,500 -22.500 GHz 


SERIAL# V2'£«2.7%3 
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OPTION 1 BINARY COM TROLL SYNTHESIZER 1 







APPENDIX F. 


CIRCUIT DIAGRAM OF THE PHASE/MAGNITUDE DETECTOR BOARD 
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APPENDIX G. 


TRANSCEIVER CALIBRATION DATA 
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APPENDIX H. 


SATURATION LEVELS IN PHASE MAGNITUDE DETECTOR BOARD 
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1. AMPLIFIERS 

The maximum input power to the phase/magnitude detector board in both 
reference and RF channels is -6 dBm. If exceeded, the second amplifiers will saturate. 
This limitation is more critical about the reference channel during the scan since the 
reflected power is usually lower than the reference channel although the reflected power 
can be high while calibration is performed. 

2. PHASE/MAGNITUDE DETECTOR ICS 

The maximum input power to the phase/magnitude detector board in any of the 
reference and RF channels so that the phase/magnitude detector ICs do not go to non- 
linear region is -3 dBm since the gain of the circuit between the input of the board and the 
phase/magnitude detector IC is 3 dB. 

It is clear that the maximum input signal power to the phase/magnitude detector 
board is -6 dBm. 



APPENDIX I. 


CURRENT CONSUMPTION OF THE TRANSCEIVER SYSTEM 
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15 V 

5 V 

-15 V 

CURRENT @ 35 
GHZ (A) 

2.15 

1 

0.05 

CURRENT @ 40 
GHZ (A) 

2.14 

1 

0.05 

CURRENT @ 45 
GHZ (A) 

2.13 

1 

0.05 


• The current consumption of the phase/magnitude detector board is 0.5 A from 5 V 
and 50 mA from -15 V. (These values are considered in the table) 

• The current consumption of the transceiver from 15 V is 2.2 A after turning the 
system on and decreases to the values in the table after warming up (5 minutes). 




APPENDIX J. 


DC WIRINGS AND CONNECTOR WIRE COLORS 



SYNTHESIZER CONTROL WORD TO DAQ CARD 
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BIT 

WIRE COLOR 

PO.O 

RED 

P0.1 

ORANGE 

P0.2 

YELLOW 

P0.3 

GREEN 

P0.4 

BLUE 

P0.5 

BROWN 

P0.6 

GREY 

P0.7 

WHITE 

P0.8 

BLACK 


OUTPUT VOLTAGES OF THE PHASE/MAGNITUDE DETECTOR BOARD ON 

THE CONNECTOR 


PIN NUMBER 

SIGNAL NAME 

WIRE COLOR 

1 

PHASE 1 

GREEN 

2 

PHASE 2 

RED 

3 

PHASE 3 

WHITE 

4 

MAGNITUDE 1 

GREEN&BLACK 

5 

MAGNITUDE 2 

RED&BLACK 

6 

MAGNITUDE 3 

WHITE&BLACK 

7 

ABSOLUTE MAG 1 

ORANGE 

8 

ABSOLUTE MAG 2 

BLUE 

9 

GND 

BLACK 
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POWER CONNECTOR TO TRANSCEIVER 


PIN NUMBER 

VOLTAGE (V) 

COLOR 

1 

15 

RED 

2 

5 

GREEN 

3 

-15 

WHITE 

4 

GND 

BLACK 

5 

GND 

BLACK 


• The DC power distribution from the power supply inside the transceiver to each 
of the modules in the unit is done using 2 or 3 pin connectors. In the system black 
color presents GND and red color presents a positive DC voltage depending on 
the module. 
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